




FIGURE 1: Snapshotof a simulation of 3 m square jet fuel fire in a 22 m high and 45 m wide
aircraft hangar. Contours correspondingto the meanflametemperature maximum and the highest
temperature non-burning regionareshown.

would shedvery little additionalinsighton fire dynamics.Thesimplifiedequations,developedby Rehm
andBaum[1], have beenwidely adoptedby the larger combustionresearchcommunity, wherethey are
referredto asthe“low Machnumber”combustionequations.They describethelow speedmotionof agas
drivenby chemicalheatreleaseandbuoyancy forces.

The low Mach numberequationsaresolved on the computerby dividing the physicalspacewhere
thefire is to besimulatedinto a largenumberof rectangularcells. In eachcell the“stateof motion”, i.e.
the gasvelocity, temperature,etc. areassumedto be uniform; changingonly with time. The computer
thencomputesa largenumberof snapshotsof thestateof motionasit changeswith time. Figure1 shows
onesuchsnapshotof a hangarfire simulation.Clearly, theaccuracy with which thefire dynamicscanbe
simulateddependson thenumberof cellswhich canbeincorporatedinto thesimulation.This numberis
ultimatelylimited by thecomputingpower availableto theuser. Presentdaycomputerslimit thenumber
of suchcells to at mosta few million. This meansthat theratio of largestto smallesteddylengthscales
thatcanberesolvedby thecomputation(the “dynamicrange”of thesimulation)is roughly
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Unfortunately, the rangeof lengthscalesthat needto be accountedfor if all relevant fire processesare
to be simulatedis roughly

���
	��������
. Much of the discrepancy is dueto the fact that the combustion

processesthatreleasetheenergy takeplaceat lengthscalesof 1 mmor less.
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FIGURE 2: Snapshotof isolatedplume structure showing burning elements(light color), burnt out
combustion products(dark color), and radiation heatflux contours to fuel bed.

2 Fir ePlumes

The ideathatdifferentphysicalphenomenaoccurat differentlengthandtime scalesis centralto anun-
derstandingof fire phenomena,andto thecompromisesthatmustbemadein attemptingto simulatethem.
The most importantexampleis an isolatedfire plumein a large well ventilatedenclosure(seefig. 1).
Simulationsof scenariosof thiskind arereportedin refs. [2] and[3]. Thefire plumeis the“pump” which
entrainsfreshair andmixesit with thegasifiedfuel emerging from theburningobject.It thenpropelsthe
combustionproductsthroughtherestof theenclosure.Theeddiesthatdominatethemixing have diame-
tersthatareroughlycomparableto thelocaldiameterof thefire plume.Thus,in theabovesimulation,the
cellshave to besmallenoughso thatmany (a 12x12arrayin this case)areusedto describethestateof
motionacrossthesurfaceof thefuel bed.Sincethesimulationalsoneedsto includetheremainderof the
hangaraswell, eventhe3 million cell simulationshown in fig. 1 abovecannotcopewith thecombustion

3



FIGURE 3: Instantaneous(left) and time-averaged(right) centerlinevelocity and temperature pro-
files for a pool fire simulation.

processeswithoutadditionalmodelingeffort.
Physicalprocesseslikecombustionthatoccuronscalesmuchsmallerthantheindividualcell sizeare

often called“sub-grid scale”phenomena.The mostimportantof thesefor our purposesarethe release
of energy into the gas,the emissionof thermalradiation,andthe generationof soottogetherwith other
combustionproducts.Thesephenomenaarerepresentedby introducingtheconceptof a“thermalelement”
[4]. Thiscanbethoughtof asmallparcelof gasifiedfuel interactingwith its environment.Theconceptis
illustratedin figure2.

Eachelementis carriedalongby the large scaleflow calculatedasoutlinedabove. As long asthe
fire is well ventilated,it burnsat a ratedeterminedby theamountof fuel representedby theparcelanda
lifetime determinedby theoverallsizeof thefire. Thelifetime of theburningelementis determinedfrom
experimentalcorrelationsof flameheightdevelopedby McCaffrey (see[5]). A prescribedfractionof the
fuel is convertedto sootasit burns.Eachelementalsoemitsa prescribedfractionof thechemicalenergy
releasedby combustionasthermalradiation.This fractionis typically about35 percentof thetotal. The
sootgeneratedby the fire canact asan absorberof the radiantenergy. Thus,if the fire generateslarge
amountsof soot,the transportof radiantenergy throughthe gasmustbe calculatedin detail [6]. Even
in theabsenceof significantabsorptionof radiantenergy by theproductsof combustion,theradiantheat
transferto boundariesis animportantcomponentof thetotal heattransferto any solidsurface.
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Figure2 shows a snapshotof the elementsusedto simuatean isolatedfire plumein the absenceof
any boundaries.Timeaveragesof theoutputof thiskind of simulationmustbeproducedin orderto make
quantitativecomparisonwith mostexperimentaldata.Indeed,it is thefactthattheresults of thesimulation
canbeaveragedin a routineway while theequations of fluid mechanicscannotis thebasisof thewhole
approachpresentedhere.

On the left of Fig. 3 arethe instantaneousvertical centerlinevelocity andtemperatureprofiles. The
oscillationsareprimarily dueto thelarge toroidaleddiesgeneratedat regular intervalsat thebaseof the
fire, which thenriseasymmetrically. Note that theflow is not evenremotelyaxially symmetric,andthe
centerlineis definedonly by thegeometryof thepool at thebaseof theplume. Theright sideof Fig. 3
shows the correspondingtime averagedquantities(solid lines) andMcCaffrey’s centerlinecorrelations.
Thetime averaged flow is symmetricandin excellentagreementwith thecorrelations.Theonly deviations
areat the bottomof the plumewherethe thermalelementsare turnedon instantaneouslywithout any
preheatasthey leavethepoolsurface,andatthetopwherethecomputational“hood” exertssomeupstream
influenceon theplume.

3 Outdoor Fir es

Largeoutdoorfirescanbeconvenientlydividedinto twocategoriesbasedonthefuelsource.Wildlandfires
arecharacterizedby a relatively low heatreleaserateperunit areaof groundcoveredby fuel, but a very
largeareaoverwhich thefire canspread.Indeed,thedescriptionof thefire spreadprocessis anessential
part of any successfulsimulationof suchan event. Industrialfires, in contrast,areusuallymuchmore
highly localizedbut intenseemittersof heat,smoke, andothercombustionproducts.This is particularly
trueif thefuel is apetroleumbasedsubstance,with ahighenergy densityandsootingpotential.This latter
typeof fire is theobjectof studyhere.

Thehazardsassociatedwith suchfiresoccurontwo widely separatedlengthscales.Nearthefire, over
distancescomparableto theflamelength,theradiantenergy flux canbesufficiently high to threatenboth
thestructuralintegrity of neighboringbuildings,andthephysicalsafetyof firefightersandplantperson-
nel. At muchgreaterdistances,typically several timestheplumestabilizationheightin theatmosphere,
the smoke andgaseousproductsgeneratedby the fire canreachthe groundin concentrationsthat may
be unacceptablefor environmentalreasons.The far field hazardhasbeenstudiedextensively by NIST
researchers[7], [8]. Thiswork hasled to thedevelopmentof acomputercodeALOFT, which is available
from NIST. A comprehensive descriptionof ALOFT and its generalizationsto complex terraincanbe
foundin [9].

Considerthenearfield hazardassociatedwith theflameradiation.Thescenariochosenis a fire sur-
roundingan oil storagetank adjacentto severalneighboringtanks. This scenariois chosenboth for its
intrinsic importanceandbecauseit illustratesthe ingredientsneededto generatea realisticsimulationof
suchanevent. Theheatreleasegeneratedby a fire on this scalecanreachseveralgigawattsif theentire
pool surfaceis exposedandburning. Suchfires interactstronglywith the local topography(bothnatural
andmanmade),andtheverticaldistribution of wind andtemperaturein theatmosphere.Moreover, the
phenomenaareinherentlytimedependentandinvolveawidetemperaturerange.Thus,thesimplifications
employedin ALOFT andits generalizationscannotbeusedin thepresentanalysis.Indeed,the“low Mach
number”combustionequationsneedto bemodifiedto accountfor thestratificationof theatmosphere.

Figure4 shows a simulationof a fire resultingfrom an oil spill trappedin the containmenttrench
surroundingoneof thetanks.Thediameterof eachtankis 84m, theheight27m. Eachtankis depressed
below groundlevel andsurroundedby acontainmenttrenchof depth9 m. Thegeometrywasmodeledon
theoil storagefacility of theJapanNationalOil CorporationatTomokomai,Japan.No attemptwasmade
to representtheentirefacility, which containsover 80 tanks.Thevolumeof spacerepresentedis a cube
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FIGURE 4: Snapshotof oil tank fire simulation with wind speed6 m/s at the tops of the tanks and
the fire in the tr ench.

768m on a side. This wasfilled with a 128x128x128arrayof cells6 m on a sidein the horizontaland
rangingfrom 3 m nearthegroundto 12m at thetopin theverticaldirection.A wind profilethatincreased
from 6 m/snearthetanktopto 12m/sat768m thatis representativeof theatmosphericmeanwind profile
nearthe groundwaschosen.The ambienttemperaturewastaken to be constant.This is a very stable
atmosphere,typicalof winterconditionsin northernclimates.Thespilledoil in thetrenchwasassumedto
burn with a heatreleaserateof 1,000kW/ �� , for a total heatreleaserateof 12.1GW. Eachelementwas
assumedto emit35%of its energy asthermalradiation,and12%of thefuel wasconvertedto soot.

Thebrightcoloredelementsin fig. 4 areburning,releasingenergy into thegasandtheradiationfield.
Thus,thecompositeburningelementsrepresenttheinstantaneousflamestructureat theresolutionlimit of
thesimulation.Thedarkcoloredelementsareburnt out. They representthesmoke andgaseouscombus-
tion productsthatabsorbtheradiantenergy from theflames.It is importantto understandhow muchof the
emittedradiantenergy is re-absorbedby thesurroundingsmoke. Themagnitudeof this smoke shielding
canberealizedby computingtheradiativeflux to thesurroundingtanks.A testcalculationwasperformed
in whichno thermalradiationwasabsorbedby thesmoke. Comparisonof thetwo resultsshowedthatthe
effective radiative fraction reachingthe surfaceis about6%. Thus,29% of the original 35% wasreab-
sorbedby thesoot.This is consistentwith measurementsmadeby Koseki[10]. To explorethis further, a
separatesimulationof averticalplumein theabsenceof any wind wasperformed.Theconvectiveenergy
flux at severalheightsabove thefire bedwascalculated.Theenergy flux wasconsistentlyapproximately
94%of thetotalheatreleaseratein thefire. Thismeansthatof theoriginal35%releasedasthermalradia-
tion, 29%wasreabsorbed,confirmingtheearlierresult.Furtherdetailsaboutthemodelandcomputations
canbefoundin [11].
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FIGURE 5: Snapshotof largescalefire test simulation showing interaction of sprinkler, draft cur-
tain, and vent in rack storagefire.

4 Industrial Fir eControl

Up to this point theemphasishasbeenon studyingfiresasnaturalphenomena.Recently, theLES tech-
niqueshave begunto beusedto studytheeffectsof humaninterventionto controlthedamagecausedby
fires.TheInternationalFireSprinkler, SmokeandHeatVent,Draft CurtainFireTestProjectorganizedby
theNationalFire ProtectionResearchFoundationbroughttogethera groupof industrialsponsorsto sup-
portandplanaseriesof largescaleteststo studytheinteractionof sprinklers,roof ventsanddraftcurtains
of thetypefoundin largewarehouses,manufacturingfacilities,andwarehouse-like retailstores.Thetests
weredesignedto addressrelatively large, open-areabuildings with flat ceilings,sprinklersystems,and
roof venting,with andwithout draft curtains.Themostelaboratetestsinvolveda seriesof five high rack
storagecommodityburns.

In parallelwith the largescaletests,a programwasconductedat NIST to developa computermodel
basedon the LES methodology, the IndustrialFire Simulator(IFS) that incorporatedthe physicalphe-
nomenaneededto describetheexperiments.A seriesof benchscaleexperimentswasconductedat NIST
to developnecessaryinput datafor themodel. Theseexperimentsgenerateddatadescribingtheburning
rateandflamespreadbehavior of thecartonedplasticcommodity, thermalresponseparametersandspray
patternof thesprinkler, andtheeffectof thewatersprayon thecommodityselectedfor thetests.

Simulationswerefirst comparedwith heptanesprayburner tests,wherethey were shown to be in
goodquantitative agreementwith measuredsprinkleractivation timesandnear-ceiling gastemperature
rise. Thesprinkleractivationtimeswerepredictedto within 15%of theexperimentalvaluesfor thefirst
ring of sprinklerssurroundingthe fire, and25% for the second.The gastemperaturesnearthe ceiling
werepredictedto within 15%. Next, simulationswereperformedandcomparedwith the unsprinklered
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calorimetryburnsof thecartonedplasticcommodity. Theheatreleaserateswerepredictedto within about
20%.� Simulationsof the5 cartonedplasticcommodityfire testswerethenperformed.A snapshotfrom
oneof the simulationsis shown in fig. 5. The goal of thesesimulationswasto be ableto differentiate
betweenthoseexperimentsthatactivateda large numberof sprinklersandthosethat did not. This goal
hasbeenmet.Themodelwasalsousedto providevaluableinsightinto whatoccurredin theexperiments,
andwhatwouldhaveoccurredfor variouschangesof testparameters.Furtherinformationaboutthiswork
canbefoundin [12], [13].

Thereareplansto continuethedevelopmentof theIFSmodelin thefuture.Muchmorework is needed
to verify theadditionalmodelsusedto accountfor theflamespread,theinteractionof thespraywith fuel
surfaces,andthe variousheattransfermechanisms.However, the resultsobtainedto datearecertainly
encouraging.The simulationsyield information that is difficult if not impossibleto obtain any other
way. Moreover, it is possibleto testthevariousassumptionsandmodelsindividually againstexperiments
designedto yield muchmorepreciseinformationthancanbeobtainedfrom largescaletests.Thus,the
knowledgegainedfrom alimited numberof largescaletestscouldbesystematicallyextendedby coupling
this informationto the resultsof computersimulations.While this goal hasyet to be realized,I do not
think it liesall thatmany yearsin thefuture.

Acknowledgments

The work describedhereis the contribution of many peopleat NIST. I have beenfortunateto have
Dr. RonaldRehmasa collaboratorsincethebeginningof our efforts to developthecapabilitydescribed
above. More recently, Dr. Kevin McGrattanhasbeenthearchitectandcreatorof thecomputerprograms
thatconvert thesimplifiedphysicalandmathematicalmodelsinto practicallyusefulpredictive tools. Dr.
William Mell andMr. William Waltonhavecontributedtheirexpertiseaswell. Finally, I havebeenguided
andencouragedover the yearsby my mentor, the LateProf. HowardW. Emmons,who is certainlythe
fatherof modernfire science.

References

[1] Rehm,R.G.andBaum,H.R., “The Equationsof Motion for ThermallyDriven,BuoyantFlows”, J.
Research of Nat. Bur. Standards, Vol. 83,pp.297-308,(1978).

[2] Baum, H.R., McGrattan,K.B., and Rehm,R.G., “Three DimensionalSimulationof Fire Plume
Dynamics”,Fire Safety Science - Proceedings of the Fifth International Symposium, Y. Hasemi,Ed.,
InternationalAssociationfor FireSafetyScience,pp.511-522,(1997).

[3] McGrattan,K.B., Baum,H.R., andRehm,R.G., “Large Eddy Simulationsof Smoke Movement”,
Fire Safety Journal, Vol. 30,pp.161-178,(1998).

[4] Baum,H.R.,Ezekoye,O.A., McGrattan,K.B., andRehm,K.B., “MathematicalModelingandCom-
puterSimulationof Fire Phenomena”,Theoretical and Computational Fluid Dynamics, Vol. 6, pp.
125-139,(1994).

[5] Baum,H.R. andMcCaffrey, B.J., “Fire InducedFlow Field - TheoryandExperiment”,Fire Safety
Science, Proceedings of the Second International Symposium, Hemisphere,New York, pp.129-148,
(1989).

8



[6] Baum,H.R.andMell, “A radiativetransportmodelfor large-eddyfiresimulations”,Combust. Theory
Modeling, Vol. 2, pp.405-422,(1998).

[7] Baum,H.R., McGrattan,K.B., andRehm,R.G., “Simulation of Smoke Plumesfrom Large Pool
Fires”, Twenty Fifth Symposium (International) on Combustion, The Combustion Institute, Pitts-
burgh,pp.1463-1469,(1994).

[8] McGrattan,K.B., Baum, H.R., and Rehm,R.G., “Numerical Simulationof Smoke Plumesfrom
LargeOil Fires”,Atmospheric Environment, Vol. 30,pp.4125-4136,(1996).

[9] McGrattan,K.B., Baum,H.R.,Walton,W.D., andTrelles,J.,“SmokePlumeTrajectoryfrom In Situ
Burningof CrudeOil in Alaska— Field ExperimentsandModelingof Complex Terrain”,NISTIR
5958,NationalInstituteof StandardsandTechnology, Gaithersburg, (1997).

[10] Koseki,H. andMulholland,G.W., “The effect of diameteron the burning of crudeoil pool fires,”
Fire Technology, Vol. 54 (1991).

[11] Baum,H.R. andMcGrattan,K.B., “Simulationof Large IndustrialOutdoorFires”, Fire Safety Sci-
ence - Proceedings of the Sixth International Symposium, to appear.

[12] McGrattan,K.B., Hamins,A., and Stroup,D., “Sprinkler, Smoke and Heat Vent, Draft Curtain
Interaction–LargeScaleExperimentsandModel Development”,National Insitute of Standards and
Technology NISTIR 6196-1,(1998).

[13] McGrattan,K.B., Hamins,A., andForney, G.P., “Modeling of Sprinkler, Vent andDraft Curtain
Interaction”,Fire Safety Science - Proceedings of the Sixth International Symposium, to appear.

9


